Abstract: Prostate cancer is one of the leading causes of disease and death on the planet. The probable bioactive pose of 16-((diisobutylamino)methyl)--6α-hydroxyvouacapane-7β,17β-lactone (N,N-DHL), a pivot compound with prostatic anti-cancer activity, was investigated via a semi-empirical method (PM3) and refined with the base set 6-31+G(d,p) calculated in the DFT method at the B3LYP level of theory. This structure was used in ligand-based virtual screening for five commercial compound bases using the software ROCS and EON that selected 2000 per base and another that resulted in 100 per base, respectively. This set was used for pharmacokinetic and toxicological predictions. The molecular overlap index at 50 % steric/electrostatic provided 68 structures that were used for a molecular docking study. The results showed that of 238,922 structures, only eight, 7 (-10.9 kcal mol -1 ) as the best in the series and 1 (-8.1 kcal mol -1 ) as less favorable, with others in this range (±2.8 kcal mol -1 ) with their respective binding affinity: 8 (-8.2 kcal mol -1 ), 5 (-8.2 kcal mol -1 ), 4 (-8.3 kcal mol -1 ), 2 (-8.5 kcal mol -1 ), 3 (-8.6 kcal mol -1 ) and 6 (-8.8 kcal mol -1 ) remaining in the final selection. The predictions for 21 pharmacokinetic properties were within the recommended range, similar to 95 % of the drugs available on the market, with no toxicity warning. The structures showed similarity greater than 75 % to the pivot based on binding affinity and predictions but only the structures 6 and 7 were considered more promising for their potential anti-prostate cancer activity (PC-3).
INTRODUCTION
Prostate cancer (PC) is characterized by excessive growth of the prostate, with consequent reduction in the volume and intensity of the urinary stream, being one of the main causes of illness and death in the world. 1 It is the fourth type of cancer with great incidence on Earth, affecting around 1.1 million people. 2, 3 It is estimated that by 2030, the PC will reach 1.7 million new cases and 499000 new deaths, the progress is due, among other reasons, to the growth and aging of the world population. 4, 5 The androgen hormone testosterone (TST) is converted to dihydrotestosterone (DHT) in the stroma and basal cells by the intracellular enzyme 5α-reductase (5αR). DHT plays an effective role in the development and growth of the prostate. The androgen receptor has a 10 times greater affinity for DHT than for testosterone. 6, 7 The species Pterodon emarginatus Vogel of the family Fabaceae (synonym of Pterodon pubescens Benth.), commonly called "white sucupira" or "faveira", is a fruit-bearing vegetable. 8, 9 Previous studies, starting from hexane extracts of these fruits, isolated 6α,7β-dihydroxyivoucapan-17β-oic acid (ADV), with some of its derivatives being described as promising for the development of more potent anti-proliferative agents against PC-3 prostate cancer cells. 10 Ligand-based virtual screening (LBVS) is based on the principle of similarity, where it defines that compounds with similar structures cause similar biological effects. This concept depends on one or a few experimentally identified "hits". Research in large libraries of binders can then be efficiently performed in the search for similar compounds with chemical properties leading to known activities, resulting in the identification of potentially new active compounds. 11 The advancement of computational and theoretical chemistry methods, such as quantitative structure-activity relationships (QSAR) and structure-activity relationships (SAR) has further strengthened the ability to study the metabolism of new drugs in early discovery stage. 12 In the evolution of computational chemistry, the use of molecular modeling (MM) has been one of the most important advances in the design and discovery of new drugs. Currently, MM is an indispensable tool in not only the process of discovery, but also the optimization of existing prototypes and the rational design of new candidates. 12, 13 Quantum chemistry techniques, SAR were used to minimize the energy of the chemical structure of the pivot compound via semi-empirical method (PM3), refined with basis set 6-31+G (d,p), calculated in the DFT level of theory B3LYP. 14 Virtual screening based on the ligand was performed by shape and electrostatic similarity in five commercial compound libraries (DIVERSet-CL, DIVERSet-EXP) 15 (ZINC drug database, ZINC natural stock and Drug@FDA BindingDB). 16 Pharmacokinetic and toxicological properties were predicted for the most promising compounds against prostate cancer PC-3. The contribution index of overlap with 50 % steric and electrostatic similarity of the structures ________________________________________________________________________________________________________________________ (CC) 2019 SCS.
Available on line at www.shd.org.rs/JSCS/ LACTONE COMPOUND WITH POTENTIAL ANTI-PROSTATE CANCER ACTIVITY 155 with the pivot was analyzed. Molecular docking of the selected compounds was performed to refine the search for new chemical entities that present better pharmacokinetic and toxicological properties and economical viability for use in the treatment of PC.
EXPERIMENTAL

Search of the bioactive structure of the vouacapan derivative
The derivative compound of vouacapan, 16-((diisobutylamino)methyl)-6α-hydroxyivouacapane-7β,17β-lactone (N,N-DHL, (3bS,5aR,6R,6aS,10aR,10bS,10cR)-2-[[bis(2-methylpropyl)amino]methyl]-3b,5a,6,6a,7,8,9,10,10a,10b,10c,11-dodecahydro-6-hydroxy-7,7,10a-trimethyl-4H-phenanthro[3,2b:10,1-b'.c']-difuran-4-one), described for the first time, with potent prostatic anti-cancer activity PC-3, 10 in the absence of crystallographic structure necessitated the performance of bioactive conformation research of N,N-DHL. The present study was realized according to the methodology previously implemented by Hamdi et al., 14 who performed a quantum chemistry study of compounds of natural origin. The energy of minimization and 3D optimization of compound N,N-DHL was pre-optimized with the semi-empirical PM3 method and refined with the basis set 6-31+G (d,p) calculated in the DFT method through the B3LYP level of theory, in which polarized and diffuse functions are taken into account with Gaussian software 03, implemented in GaussView 5.0. [17] [18] [19] The atomic charges used in this study were obtained with key word POP=CHELPG using the electrostatic potential. 20 With this strategy, it was possible to obtain the best potential quantum molecular series of points defined around the structure, and atomic charges offer the general advantage of being physically more satisfactory than Mulliken charges. 21 
Generation of a confomer library in databases
In this study, five commercial databases were used to perform the virtual screening step, i.e., Chembridge DIVERSet™-EXPRESS-Pick™ Collection (DIVERSet™-EXP), DIVERSet CORE Library (DIVERSet™-CL), ZINC drug database, ZINC natural stock and Drug@FDA BindingDB, see Table S -I of the Supplementary material to this paper. For each molecule, 300 conformers were generated using the Merck Molecular Force Field MMFF94 implemented in OMEGA software (Open Eye Scientific Software, Santa Fe, NM, http://www.eyesopen.com), on a computer with Intel Core i7 2.4 GHz processor using Windows 7 Professional operating system. The voltage threshold (energy difference of the conformer data for the global minimum energy) was up to 9 kcal* mol -1 and a mean square deviation (RMSD) of 0.6 Å. 22 
Ligand-based virtual screening (LBVS) using the programs ROCS v2.4.1 and EON virtual screening via ROCS (shape similarity)
The databases ChemBridge DIVERSet, ChemBridge DIVERSet-Exp, ZINC drug database, ZINC natural stock and ZINC FDA BindingDB were screened via virtual screening using the ROCS program algorithm to generate and punctuate the three-dimensional database overlays with the reference structure of the N,N-DHL vouacapan derivative to obtain the Top2000 structures of each base, totaling 10,000.
Virtual screening via EON (electrostatic similarity)
The EON program calculated the Tanimoto electrostatic index of the structures of the 5 databases and the structure of N,N-DHL, besides calculating new partial loads for the input structures using MMFF94. The output files were grouped according to the score and the results were classified based on the "ET_combo" analogous to "ComboTanimoto". 23 At the end of the process, from the "Top2000/base", only the "Top100/base" were selected, totaling 500 molecules.
Pharmacokinetic and toxicological properties predictions of the compounds studied
Prediction of pharmacokinetic properties. QikProp 24, 25 performs the prediction of pharmacokinetic properties using descriptors with less computational detachment. The program analyzes the chemical structure as a whole, not just fragments, and predicts the structure in three dimensions. The program can predict with great reliability a wide variety of properties. For each descriptor, in addition to the prediction, the program still provides a range of values taken as optimal. This range corresponds to values covering 95 % of the known drugs available in the program database. This server calculates pharmacokinetic properties: human intestinal absorption (HIA%), cellular permeability, Caco-2 (P Caco-2 ), cell permeability Maden Darby canine kidney (P MDCK ), skin permeability (P skin ), plasma protein binding (PPB), penetration of the blood-brain barrier (c Brain /c Blood ); among many others. 26, 27 Toxicity prediction. The predictions of toxicity through the protocol "knowledge-based expert system", were performed using Derek software. The protocol uses a virtual base of chemical structures and the respective reports of toxicity from the literature in order to analyze comparatively the chemical groups present in the studied structures. 28 The toxicities investigated were carcinogenicity, mutagenicity, genotoxicity, hepatotoxicity, teratogenicity and other. For each group with toxic potential present in the structure, the program generates an alert (probable, plausible, improbable, possible, certain, impossible, doubtful). Finally, a description is given of the potential toxicity of the complete structure, according to the logarithms of the program. 29 Selection of structures by similarity of 50 % steric and/or electrostatic overlap (50% ster/electr) After selecting the structures with the best toxicity results, a molecular overlap assessment was performed using the program Discovery Studio Visualizer. 30 This technique allows the alignment of two or more structures based on specific criteria. The alignment of the structures was performed via the field adjustment method. The field alignment overlaps the structures maximizing the steric and/or electrostatic repulsion between atoms. In this study, the relative weight of the percentage contributions of the components in the force field estimation was adjusted to 50% ster/electr.
A target alignment option was set that considers only pairs of structures that have a single common target, the specific molecule in which all others will be aligned. Those that presented overlap similarity values greater than 75 % in the field alignment in 50% ster/electr were selected through this strategy for the subsequent step of determining binding affinities using molecular docking studies.
Molecular docking simulations study
Obtained from the protein data bank (PDB, http://www.rcsb.org/pdb) 31 with the code PDB: 2OZ7 and resolution 1.8 Å for Homo sapiens organism. The reference ligand used was cyproterone acetate (CPA) in sdf format. This compound is a steroid anti-androgen used clinically in the treatment of prostate cancer. Compared with steroidal agonists for the androgen receptor (AR, for example, dihydrotestosterone, R1881), CPA is more bulky in structure and therefore apparently incompatible with the binding pocket observed in the crystalline X-ray structures of AR currently available for the ligand-binding domain (LBD). The ligand and protein structure for the docking were prepared using Discovery Studio 4.1 and DS Viewer Pro 6.0 software, 32 removing water molecules. The ligands for docking validations were obtained with crystallographic structures of the proteins, as well as the structure of CPA bound to the androgen receptor (Homo sapiens). 33 This molecular docking study was performed using the AutoDock 4.2 program 34 and the graphical interface PyRx (version 0.8.30). 35 AutoDock is a set of tools that allow the prediction of the interaction between ligand and macromolecule. To identify potential ligand--macromolecule combinations, the program has 3 options of algorithms: AS (simulated annealing), GA (genetic algorithm) and LGA (Lamarkian genetic algorithm) 34 . In this study, LGA, which shows the best results in the search for the global minimum, 36 was used. The population size was 100, selection pressure 1.1, the number of operations was 10,000, the number of islands was 1 and the Niche size was 2, The weight of the operator to migrate was 0, mutated 100, and the crossing test was 100. The GRID coordinates were x = 28.6324, y = = 3.0075 and z = 2.8167, from the pocket of interest that was chosen based on the interactions between amino acids, and a sphere of 10 Å radius was defined. Ten solutions were calculated for each ligand and the PyRx score was analyzed.
Molecular docking using AutoDock 4.2/Vina 1.1.2 and PyRx 0.8.30
For the docking study between AR and its specific ligand complexed (PDB code: 2OZ7), the coordinates used for 2OZ7 were x = 26.9229, y = 1.3605 and z = 2.9661; they were chosen according to the interaction between AR and its standard ligand CPA. The energy scoring function was used to evaluate the change of free energy of binding (ΔG) 
RESULTS AND DISCUSSION
Ligand-and structure-based virtual screening
In this phase of the virtual screening, the Top100 compounds of each base were selected, which progressed to the pharmacokinetic predictions using the Qikprop program, resulting in 366 structures with good pharmacokinetic behavior. This set went to the prediction stage of toxicity using the DEREK program. This analysis defined a set of 181 chemical structures. After these steps a refinement by similarity of overlap and contribution 50% ster/electr was performed, resulting in a set of 68 structures.
These structures advanced to docking in order to determine the binding affinity of them with the AR. At the end of this process, eight compounds with better results were obtained, the two largest values being displyed in Table I .
Pharmacokinetic and toxicity predictions studies
Several bioactive compounds did not reach the clinical trial stages due to adverse pharmacokinetic properties. Thus, it is essential to have access to pharmacokinetic profiles of potential drugs at the beginning of the planning, to verify the possibility of future development. 37 A summary of twenty-one of the calculated ADME-related molecular descriptors based on the evaluation of metabolism and pharmacokinetics of drug resemblance profiles of the best structures are described in Table II . None of the structures showed any property with a value outside the recommended range for 95 % of known drugs (recommended range from 0 to 5).
Molecular weight is another parameter that influences the time of absorption. Thus, compounds with high molecular weight (above 500 Da) cross a membrane with difficulty, the lower the molecular weight is, the easier the compound crosses a lipid membrane. 40 CPA (positive control in this study), with 416.94 Da of molecular weight, shows rapid and almost total absorption in the body. Examples such as vancomycin, with a molecular weight of 1250 Da, also illustrates that reported above, because this drug does not present significant absorption when administered orally. Vancomycin tablets are employed to treat infections in the gastrointestinal tract, for systemic infections, the parenteral route is used. The structures that presented lower molecular weights were the compounds 6 (251.4 Da), 5 (268.4 Da) and 7 (308.4 Da) and are therefore more likely to exhibit high permeability and absorption in the body compared to the pivot compound N,N-DHL (negative control in this study) and the commercial drug CPA, widely used in the treatment of androgen-dependent prostate cancer.
The calculation of surface area accessible to the solvent (SASA) is a topological property, that makes it possible to quantitatively estimate the region excluded from contact with solvent at the interface between two molecules. 41 The difference in the SASA of the structure with the smallest and largest value was only 122.8 Å 2 , ranging from 548.5 (6) to 671.3 Å 2 (7), but still with smaller areas than the pivotal compound N,N-DHL (764.4 Å 2 ). This reinforces the methodological success obtained and the promising character of the 8 structures selected in this research. These data make it possible to estimate the molecular surface and identify the interface-forming residues from the difference between the solvent accessible area (SASA) of the isolated protein and protein complexed with the studied ligands.
The hydrophilic component of the solvent accessible surface area (FISA) is the area of the atoms exposed to partial loads (in modulus) higher than 0.20e, while the hydrophobic component of the solvent accessible surface area (FOSA) is the exposed area due to other atoms. 41 Structure 6 showed the lowest hydrophilic area of 37.8 Å 2 , while 1 exhibited a FISA index of 61.1 Å 2 , being the highest in the studied series. However, neither exceed the hydrophilic area 85.7 Å 2 of N,N-DHL, the negative control in this analysis. NH 2 and OH groups are considered hydrophilic and the exposed area of the NH 2 group is higher because there is an extra hydrogen atom and because the nitrogen atom has a greater radius than oxygen. Thus, the greater presence of these atoms in the selected structures could increase the hydrophilic area of the studied ligands. Compound 4 showed the lowest FOSA index 234.6 Å 2 , while 7 showed the largest in the series, 502.9 Å 2 . Therefore, relative to water, solvated molecule 4 was less unfavorable than solvated molecule 7, but it is likely that the solubilization of both molecules in water was more favorable than of the negative control N,N--DHL and similar to the characteristics of CPA. Hence, it is estimated that the interface-forming residues of the complexed protein with the most promising ligands would have a hydrophobic profile, thus favoring better liposolubility (desirable log P), consequential interaction with the lipid membrane and increased binding affinity with the biological receptor. The interaction with the protein-binding pocket was visualized and the residues identified in this study through molecular docking simulations.
The total volume of the closed molecule per solvent-accessible molecular surface (Vol) is related to the relief of a particular molecular structure or sub--structure. 42 Thus, compound 6 showed the smallest volume (935.1 Å 3 ) from the series studied, whereas molecule 3 had the largest volume (1194.9 Å 3 ), both significantly smaller than the volume of N,N-DHL (1499.3 Å 3 ). Such facts suggest the promising behavior of the structures concerning solubility, interaction with the lipid layer and favorable coupling to the pocket of complexed protein binding.
The number of hydrogen bonds donated and bonds accepted by the molecule were low for all compounds, especially structures 6 and 7, which presented desirable values for both properties, corroborating the results of the other properties and indicating a good profile of the candidates as new drugs. A large number of hydrogen bond donors and acceptors have been associated with poor membrane permeability due to the additional desolvation energy required to break hydrogen bonds when moving from an aqueous environment to the lipid membrane. 43 The molecular polar surface area (PSA), the surface belonging to polar atoms, is a descriptor that was shown to correlate well with passive molecular transport through membranes and, therefore, enables the transport properties of drugs to be predicted. 44 Compound 8 had the highest PSA index (56.08 Å 2 ), compared to compound 6 (38.87 Å 2 ), the lowest value of the series, such facts indicating good permeability of the molecule in a cellular lipid membrane. However, a low PSA (PSA < 75 Å 2 ) has been associated with an increased risk of adverse events due to non-specific toxicity, particularly when combined with high lipophilicity (log P > 4). 45 A high PSA has been associated with poor membrane permeability and, in particular, with low blood-brain barrier penetration. For good oral bioavailability, an upper limit of 140 Å 2 has been suggested, particularly when associated with a large number of rotatable bonds. 46 Using the Derek program, all toxicity warnings and their respective clusters in each surviving structure of the pharmacokinetic prediction filter were analyzed. A search was made for plausible, probable or certain alerts for toxicity such as carcinogenicity, mutagenicity, hepatotoxicity, teratogenicity and nephrotoxicity. The structures that at this stage presented undesirable results did not enter the subsequent stages of screening.
In the step of filtering by similarity of molecular overlap, between the structure of the pivot compound N,N-DHL and the remaining ligands of the toxicological prediction step, values for 50% ster/electr overlap similarity were deter-________________________________________________________________________________________________________________________ (CC) 2019 SCS. mined and the results less than 75 % were excluded from advancing to the molecular docking stage. These data are described in Table III for only the two molecules considered the most promising in the best eight series. The blood-brain barrier is a specific structure that protects the central nervous system (CNS). It controls and regulates the homeostasis of the central nervous system through separation of the brain (brain) and systemic blood (blood). For a drug with biological activity in the CNS, a high penetration value is required. However, for a drug lacking CNS activity, as investigated here, a low penetration value is desired, to minimize side effects. 47, 48 For the structure 6 (log PBH* = 0.367), the values were higher than those presented by 7 (log PBH = -0.322) and N,N-DHL (log PBH = -0.292). The literature 49 suggests that PBH values less than 1 (brain/ /blood < 1) assign the molecule to the inactive status in the CNS. This indicates that structures with negative values did not show penetration into the CNS, which qualifies them as inactive in the CNS.
The Caco-2 cell model can be used in predictions of oral absorption of drugs by passive transport (transcellular and paracellular) in the organism of Homo sapiens. 50, 51 The use of this prediction model has grown in permeability and drug absorption assays. These models help in the development of structures with greater therapeutic potential, since they allow the prediction of the in vivo absorption, thereby identifying structures for screening before preclinical studies. [52] [53] [54] [55] [56] [57] [58] The values of Caco-2 in ascending order for the structures were N,N-DHL (380.012), 7 (767.141) and 6 (1082.82). These values are directly related to the values of the other properties shown in Table III . The lowest indexes of similarity of 50% of ster/electr overlap among the structures belong to those with the highest value of Caco-2. This indicates that oral absorption by passive transport is favored in the non-steroidal bioactive compounds of this study.
The higher the log P value is, the more hydrophobic is the molecule. To achieve better permeability, the drug should have a moderate log P value (between 2 and 6.5). In this range, it is likely that there is a good balance between permeability and solubility. [59] [60] [61] [62] The log P values show that the three bioactive compounds have higher affinity for the organic phase, being characterized as hydrophobic, in the descending order N,N-DHL, 7 and 6. All the bioactive compounds presented optimum log P values within the range favoring good permeability and solubility for drugs, with structure BindingDB50342600 being the most hydrophilic of the three compounds. The log P values are directly related to the values of 50% ster/electr and inversely related to the values of human oral absorption, i.e., the lower the log P value for the three top compounds, the higher is the cell permeability value.
The results of analyzes of toxicity predictions demonstrate that none of the eight selected bioactive structures showed any toxicity alertness for the chosen activities: carcinogenicity, mutagenicity, hepatotoxicity, nephrotoxicity and teratogenicity. This reinforces the promising character of the final selected structures as future candidates for new drugs. In contrast, the structure of compound N,N-DHL showed a human hepatotoxicity alert, PLAUSIBLE for the group FURAN, suggesting that the ring may be responsible for the toxic action indicated for the pivot compound.
Molecular docking
Molecular docking studies enabled information related to the interactions between ligand and receptor to be obtained, which made possible the selection of the best binder possible in terms of the lowest binding affinity of the interaction. In the molecular docking step, 68 structures resulting from previous filtrations were used in 5 databases.
The comparison between the conformations of the crystallographic binder (complexed with AR and experimental values of crystallography) with the computational data resulting from redocking (RMSD = 0.72) showed that the parameters used in the docking protocol were representative. 63 RMSD values below the reference level of 2.0 Å are considered by the literature to be of good quality. 64, 65 The alignment between the conformations of experimental and computational origin, which qualitatively shows this result, is shown in Fig. 1 . The docking was used to select the most promising candidates for AR binding affinity. The bioactive compounds defined as the controls (black color) and their affinity values for this step were CPA (-10.6 kcal mol -1 ) and N,N-DHL (-1.8 kcal mol -1 ), contributing to the evaluation of the higher binding affinity compounds (colors blue and gray, respectively) are presented in Fig. 2 . (Fig. 2) . One is the ligand 7, which showed higher binding affinity than the commercial anti-cancer prostate drug, cyproterone acetate (-10.6 kcal mol -1 ) and the other triads. The mean difference in binding affinity between the other compounds and CPA was low (2.2 kcal mol -1 ), but their values were more negative than that of the pivot N,N-DHL (-1.8 kcal mol -1 ), and hence. the molecule with second highest value 6 (-8.8 kcal mol -1 ) as a negative control over the CPA antagonist may be used in future acquisitions for in vitro biological assays, since the biological potency is inversely proportional to the binding affinity value of the compound, as described in previous research. 66 Therefore, this structure was separated from the set of other ligands that presented lower values, but very close to -8.8 kcal mol -1 . The interactions of these structures are described below.
The interactions resulting from CPA docking with AR were: two hydrogen bonds with amino acids, one with ARG752 and one with ASN705, eight hydro- The amino acids GLN711, MET780, MET745, ALA877 and LEU704 are shown in Fig. 4 , which represents the binding pocket between the calculated AR and ligand, but only the last three form hydrophobic alkyl interactions. This demonstrates that the calculations were representative of the behavior of the AR-CPA complex taken from the PDB (2oz7 code). The ARG752 and ASN705 residues interact by hydrogen bonding with carbonyls, the former interacting with the carbonyl of the steroid skeleton, while in the AR-CPA complex (2oz7), the position is occupied by GLN711. MET780 binds to amino acid chains that interact directly with the ligand, suggesting some influence on affinity with the ligand, as illustrated in Fig. 4 . It should be noted that the aromatic ring bound to the amino acid chain TRP741 performs interactions of the pi-alkyl type with the ligand, where one of these bonds is superimposed on another in Fig. 4 .
Docking applied to molecules resulting from virtual screening
The interactions are shown in Fig. 5 for the structure of the synthetic N,N-DHL, as a nitrogen-hydrogen bond and another hydrophobic alkyl interaction with ALA877, similar to the amino acids LEU704 and LEU880 that exhibited three interactions each. MET745 and LEU707 each showed two further interactions of the same type, plus an interaction of MET780 with the ligand, i.e., thirteen interactions in total. It was possible in Fig. 6 to visualize completely all the amino acid chains that interact with the ligand in the docked AR binding pocket, as well as the exposure (light blue coloration) of the N,N-DHL atoms and amino acid residues to some solvent. TRP741 was not bound to the complexed vouacapan derivative but may influence it through the binding it makes with the amino acid LEU704, which directly interacts with one of the rings of the complexed steroid skeleton. The structure of 6 showed a carbon-hydrogen bond with LEU873, four hydrophobic alkyl interactions distributed among the amino acids LEU704, LEU707, MET745 and MET749 with one interaction each, further interactions of the pi-alkyl type with LEU704 (one), PHE764 with two, plus MET742 with a pi-sulfur interaction, MET895 with a pi-sigma and TRP741 with a pi-pi interaction stacked with the aromatic ring of the ligand, i.e., eleven interactions in total, as seen in Figs. 7 and 8. Through the 2D diagram of the expanded visualization of the complexed bioactive compound of AR bonding, it was possible to verify the other amino acid chains that, although not bound to the compound, could indirectly influence the system through interactions with other amino acids that interact directly with the ligand, as shown in Fig. 8 .
The structure of 7 interacts with receptor through a carbon-oxygen bond with MET745, a pi-cation interaction with the -NH2 group of ARG752, three of a hydrophobic alkyl type, one for each amino acid LEU701, LEU704 and MET780, plus one pi-sigma interaction with MET742 and one pi-alkyl for LEU873 and another for ALA877, totaling eight interactions with AR, as shown in Figs. 9 and 10. In Fig. 9 , the presence of the amino acid TRP741 with the aromatic ring located near the aromatic nucleus of the compound is highlighted; this residue is bound to the residue MET742 that in turn interacts with the ligand ring through a hydrophobic pi-sigma interaction, very similar to the pi interaction that occurred between TRP741 and the aromatic ring of the 6 ligand.
Quantitative data on the binding distances and affinities between the ligands and AR are given in Table IV . It was verified that, between the structures CPA and N,N-DHL, the increased diversity of interactions with different amino acids might result in lower affinity binding, which indicates a higher degree of spontaneity of the interactions. This effect is noticeable in the structures 6 and 7 with eleven and eight interactions, respectively, and binding affinities with values smaller than the reference molecule N,N-DHL. Interactions with the amino acids LEU704 and MET745 occurred in all investigated structures, indicating that these residues may play a key role in their anti-prostate cancer activity (PC-3).
It is noted that the pi-sigma interactions MET895 (3.66Å) and hydrogen bonding with LEU873 (3.23 Å) of the structure 6, pi-sigma MET742 (3.74 Å) and carbon-oxygen bond MET745 (3.66 Å) from 7 may have influenced the higher values of the binding affinities obtained for these structures when compared to the interactions and binding affinity of AR with ligands that do not have hydrogen interactions with any of these amino acids.
Comparing the values of the binding affinities obtained for the two compounds, 6 (-8.8 kcal mol -1 ) and 7 (-10.9 kcal mol -1 ), the difference could be related to two exclusions of this bioactive structure, i.e., a number of minor inter- actions and the pi-cation bond with ARG752 at the position considered in the literature 33 and PDB code 2oz7, as important for the antagonistic action in AR. The pi-cation interactions may exist between a positively charged atom (which has a formal charge of at least +0.5) and delocalized pi electrons, this allows the inclusion of delocalized cationic species, such as side chains of arginine. 67, 68 This indicates that the interaction with LEU704 and ARG752 may be a favorable factor for lowering binding affinity between these two structures. The interactions are strongly hydrophobic and when related to favorable entropic factors, may promote the lowering of the binding affinity between a linker and a receptor. 69 
CONCLUSION AND FUTURE PERSPECTIVES
In this study, protocols were used for drug design based on a ligand and a structure, using optimization techniques on the chemical structure of a natural product vouacapane, virtual screening involving a total of 238,922 structures previously arranged in five commercial compound databases, pharmacokinetic prediction studies, toxicity, similarity by contribution of 50 % steric and electrostatic, and docking studies.
After molecular docking results for the bioactive structures derived from ligand-based virtual screening, it was proposed that the eight compounds selected in this study may bind to the androgen receptor with good binding affinity, highlighting the compounds 6 and 7, as more potent and may be considered novel androgen receptor antagonist candidates. In addition, these promising structures could be used as prototypes for drug development via novel framework-based virtual screens or ligands in different databases for the search for novel antagonists with anti-prostate cancer activity and/or future acquisition and application of test protocol against the prostate cancer cell line PC-3.
Future studies of molecular modification of the resulting bioactive structure could also be performed with the aim of improving the binding affinity between the ligands (6 and 7) and AR protein to potentiate its antagonistic properties for prostate cancer.
